SV40 and adenovirus-2 (Ad2) recombinant plasmids containing long-segments of poIy(dC-dG) cloned adjacent to transcription control regions were methylated in vitro with Hhal methylase and transcribed in a soluble in vitro system. The addition of up to 40 or more base pairs of poly(m dC-dG) immediately upstsream or downstream of promoter regions was shown to have no effect on the accuracy or efficiency of specific transcription from these promoters in vitro. Uetbylation at various naturally occurring C-G sequences within or near these promoters also had no effect on transcription in vitro. The significance of these results with respect to possible mechanisms whereby DNA methylation might regulate eukaryotic gene expression is discussed.
INTRODUCTION

Methylation of eukaryotic DNA occurs almost exclusively as 5-methylcytoslne (m C) in the dinucleotide sequence C-G (l)
. A large body of evidence has been accumulated in recent years implicating this DNA modification in the regulation of eukaryotic gene expression (1,2). These studies have established that in many cases DNA methylation is associated with transcriptional inactivity of genes. It has been shown that the extent of methylation is inversely correlated with the expression of certain cellular genes in a tissue-specific manner (3-5), and a similar correlation has been noted in some viral systems (6-8). Additionally, the cytidine analogue 5-azacytldine. which interferes with DNA methylation, can alter the pattern of gene expression in growing cells (9,10). More direct evidence suggesting a causal link between DNA methylation and the regulation of gene expression comes from DNA-mediated gene transfer experiments (11-13) and frog oocyte microinjection experiments (14,15) using in vitro methylated DNAs. Double-stranded polydeoxyribonucleotides composed of alternating C-G sequences can, under appropriate conditions, assume the left-handed Z-DNA conformation (18). The finding that the Z structure in poly(dC-dG) Is stabilized by methylation of cytosine residues (17) raises the intriguing possibility that modulation of DNA conformation by this modiflcation may be involved in regulating gene 
RESULTS
Characterization of Hhal Methylate
The SV40 (25) . However, methylaton at this site also had no effect on in vitro transcription from the late region (Figures 3 and 4) .
Ad2 Templates. The recombinant pXRCG (Figure 1 ) contains 32 base pairs of poly(dC-dG) inserted at the upstream boundary (position -86 relative to the transcription start site) of Ad2 major late promoter sequences required to obtain optimal transcription in vitro (26). Substitution of pBR322 sequences upstream of position -66 with the poly(dC-dG) segment had no effect on the level of transcription initiation from pXRCG compared to the parental clone, pXB210 ( Figure 5A,  lanes 1 and 2) . However, previous studies indicate that, while specific major late sequences upstream of -86 are not required to obtain wild-type levels of transcription in vitro from this promoter, the presence of nonspecific template DNA upstream of -86 is required (RJ and JLM, manuscript submitted). This observation suggests that the transcription complex interacts in a nonspecific manner with template DNA upstream of -66 during transcription initiation. Despite the presence of the poly(dC-dG) segment within this region, however, Hhal methylation had no effect on either the accuracy or efficiency of transcription initiation from the pXRCG template ( Figure 5A, lanes 3 and 4) .
Another major late promoter clone, ppBCG, contains the same poIy(dC-dG) segment inserted at a position 375 base pairs downstream from the transcription start site (Figure 1 ). Tbe addition of tbe poly(dC-dG) insert at this site had no effect on transcription compared to the parental clone, pp4 (data not shown). Figures 3, 4, 5) .
The major late promoter also contains a Hhol site centered at position -12 and a Hpall site centered at position -51 upstream of the transcription start site (28). Methylation at either of these two sites had no detectable effect on transcription in vitro ( Figure 5, and unpublished results) .
The Ad2 Elo promoter region contains Hpall sites located 22 and 79 base pairs upstream of the transcription start site (RJ. Roberts, personal communication). Methylation at these two sites had no effect on in vitro transcription from this promoter (unpublished results). In contrast, methylation at either the Hpall or the Hhol sites upstream of the Adl2 Ela gene inactivated this promoter when expression was assayed by transfectlon into mammalian cells (33) .
All Figure  5C. lanes 1 and 2) . Additionally, the level of transcription obtained from pVABCG was reduced approximately two fold compared to wild-type, indicating that the polymerase, or perhaps an ancillary regulatory factor, was sensitive to the presence of the poly(dC-dG) insert at this site. However, Hhal methylation of the pVABCG template had no detectable effect on transcription compared to the mock methylated template ( Figure 5C, lanes 3 and 4) . The wild-type VAI gene also contains three Hpall sites that coincide with the intragenic control region (34) . Methylation at these sites also bad no effect on transcription in vitro (unpublished results).
DISCUSSION
We have examined the effect of extensive DNA methylation on the expression of a number of eukaryotic viral promoters transcribed by RNA polymerase II or III in a soluble in vitro system. These experiments demonstrate that the addition of up to 40 or 80 base pairs of poly(m dC-dG) in the immediate proximity of these promoter regions bad no effect on either the accuracy or efficiency of transcription initiation in all cases examined. Moreover, there was no evidence that the long segments of poly(m dC-dC) could block transcription elongation. Finally, methylation at several naturally occurring C-G sequences located within or near promoter regions, which are putative sites of methylation in vivo, had no effect on the expression of these promoters. The above results indicate that the components comprising the transcription complexes in the soluble in vitro system are insensitive to extensive DNA modification.
A large body of evidence has been accumulated recently that establishes an inverse correlation between the extent of DNA methylation and the expression of certain genes in eukaryotes (1,2) . This suggests that DNA methylation may be utilized by eukaryotes as a mechanism for regulating gene expression. One simple model is that the state of DNA methylation alone determines the transcriptional activity of genes. In this model, methylated genes constitute poor templates for transcription as a direct consequence of altered molecular interactions between the transcription apparatus and the modified DNA. Transcription of methylated genes might then be blocked at the level of initiation or subsequent elongation, perhaps because the transcription apparatus cannot form a stable complex with methylated DNA. However, such a model appears unlikely in light of our findings that extensively methylated templates direct accurate transcription as efficiently as unmethylated templates in vitro.
Strong evidence in support of the hypothesis that DNA methylation is involved in the regulation of gene expression comes from experiments in which the expression of viral DNAs methylated in vitro was examined after microinjection of these DNAs into Xenopus laevis oocyte nuclei. Methylation at the unique HpaJl site downstream of the SV40 late promoter was found to specifically inhibit late gene expression in frog oocytes (IS). Similar results were obtained using the Ad2 E2a promoter in the oocyte system (14). However, the identical modification that inhibited SV40 late gene expression in oocytes had no effect on transcription in a soluble in vitro system (15). Thus, DNA methylation by itself was not sufficient to inhibit specific transcription in vitro, consistent with the results reported here. These results support the suggestion that the soluble system is lacking in components that confer sensitivity to DNA methylation, and that such components are distinct from those that are required for accurate transcription initiation in vitro.
There are notable exceptions to the inverse correlation between DNA methylation and transcriptional activity. Certain cellular genes, for example, are undermethylated despite tbe fact that they are not expressed in vivo (5,35) . Conversely, complete methylation of the SV40 genome was ahown to have no effect on early gene expression in vivo (36). Similar results were also reported with rDNA genes in tbe frog oocyte system (37). Somewhat surprizing, however, is the finding that tbe activation of a developmental^ regulated gene in vivo is correlated with en Increase in DNA methylation (38) . These observations present additional arguements against simple models, such as the one discussed above, whereby the state of DNA methylation alone determines the transcriptional activity of genes. The in vivo results are readily explained, however, by invoking the participation of additional factors that interact with methylated DNA and thereby regulate transcription.
A model consistent with the in vivo and in vitro data available to date is that DNA modification at specific sites regulates the accessibility of target genes to the transcription apparatus. Accessibility to the target gene could be determined by the modulation of chromntin structure, which in turn may be mediated by regulatory factors that interact with site-specific DNA modifications. Consistent with this suggestion Is the observation that exogenous DNA templates are packaged into chromatin In frog oocyte nuclei (39) but not in the soluble in vitro system (40) . If the above model is correct, this crucial difference would then explain why the soluble system does not respond to DNA modification.
The preceding discussion is concerned primarily with protein-encoding genes that are transcribed by RNA polymerase II. The effect of DNA modification on the expression of RNA polymerase ID genes has not been previously studied tn vivo or in vitro. Our results demonstrate that extensive methylation of the Ad2 VA1 gene had no effect on transcription in the soluble in vitro system. Additionally, the VA1 gone was transcribed as efficiently from the Hhal methylated pVABCG template as from the mock methylated template when these DNAs were microinjected into frog oocyte nuclei (A. Fradin. C. Prives. RJ, and JLM, unpublished results). Thus, the RNA polymerase III in intact frog oocytes is also oblivious to extensive modification within the VA1 gene. Further study is required, however, before the question of whether DNA methylation iB involved in regulating RNA polymerase 111 transcription in vivo can be adequately assessed.
It is intriguing that precisely the same methylation implicated in the regulation of eukaryotic gene expression also induces the left-handed Z-DNA conformation in poly(dC-dG) under near physiological salt conditions (17) . Recent experiments have also demonstrated that cloned poly(dC-dG) segments contiguous with righthanded B-DNA can flip to the Z conformation (41,42). Thus, it is possible that in the experiments reported here the cloned poly(m dC-dG) segments assumed the Z conformation, although we did not determine whether this was in fact the case under any of our transcription conditions. Additionally, no effect was observed when the experiments described here were repeated in the presence of up to 100 fM spermine (RJ and JLM. unpublished results), which was previously shown to stabilize the Z structure in poly(m dC-dG) at much lower concentrations (17) . The B-Z transition in cloned poly(dC-dG) segments is also facilitated by negative supercoiling (42); however, transcription from supercoiled templates could not be exam- The availability of such a system will permit further investigation into the possible role of Z-DNA in the regulation of eukaryoUc gene expression.
